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1970. -The activity of single and multiple cardiac vagal efferent (CVE) fibers was recorded in anesthetized dogs under a variety of conditions. During the inspiratory phase of natural respiration the activity of CVE fibers always stopped or greatly decreased regardless of the value of blood pressure. When spontaneous respiratory activity was suppressed by producing a slight hyperventilation during artificial respiration, the following attributes of variation of CVE activity with blood pressure were observed: a) an increase in blood pressure increased vagal activity, whereas a decrease in pressure caused the vagal activity to decrease, b) variations in blood pressure affected CVE firing with a delay that depended on the blood pressure, c) sudden changes in baroreceptor activity were reflected as more gradual changes in CVE firing frequency, and d) under certain experimental conditions CVE fibers were inactive even though the baroreceptors were firing. A simple dynamic model, consisting of an ideal delay and an integrator with a singIe time constant, successfully described moderate changes in heart period due to changes in vagal activity. This model should aid the quantitative characterization of the dynamics of the cardiovascular control system. Techniques similar to those that were successfully used to record CVE activity in the dog seldom yielded positive results in the cat. vagus nerve; vasomotor area; blood pressure reflex; heart rate control; heart rate models; cardiovascular modeling; respiratory arrhythmia ALTHOUGH ITHAS BEEN KNOWN forseveraldecades thatelectrical stimulation of the vagus nerve decreases heart rate, there have been only a few results published which describe the activity of single cardiac vagal efferent (CVE) fibers. Jewett (6) recorded from a large number of single efferent fibers in the cervical vagus of the dog, and he grouped the patterns of activity into seven categories. Since one of these groups contained fibers that responded to respiration and blood pressure changes in a manner similar to fibers in branches of the cardiac vagus nerve, and since there was also a strong correlation between the neural firing frequency and the duration of heart beats, he suggested that these fibers were cardioinhibitory.
Iriuchijima and Kumada (4, 5) by recording the temperature changes of a thermistor placed in the tracheal cannula. A 3-to 6-cm length of the common carotid artery and right cervical vagus was exposed following a mid-line incision along the neck. In order to avoid desiccation of the nerve, warm mineral oil was poured into the pool formed by the trachea and the flap of the skin on the right side of the incision.
A dental mirror with a black glass insert was slipped under the nerve trunk and secured to the The relationship between respiration and the disappearance of CVE firing could be especially well observed in a preparation in which CVE activity was simultaneously recorded with the activity of a single respiratory fiber. As shown in Fig. 2 , the cardiac vagal fiber ceased firing 0.5 set before the onset of activity of the respiratory fiber, and it resumed its activity just before the inspiratorv , fiber stopped firing.
Unless otherwise specified, the animals were artificially ventilated at a high rate and low volume to produce a slight hyperventilation.
This prevented any attempts at spontaneous respiration, and thus also prevented the respiratory modulation from masking changes by blood pressure variations.
in CVE activity caused B) Firing pattern at steady pressure levels. In all of the experiments, the firing frequency of active CVE fibers increased as the pressure level was raised , and decreased as the pressure Figure 3 displays the firing pattern of a CVE fiber for two different mean pressure levels and illustrates that large cycle-to-cycle variations existed in CVE firing times even though the pressure was periodic with little cycle-to-cycle variations. In order to determine the average distribution of firing times over several cardiac cycles, each cycle was divided into successive short (typically 8-16 msec) intervals, and the total number of firings that occurred in each of these intervals was counted with the aid of a digital computer. Synchronization of the cardiac cycles was derived from the QRS complex of the electrocardiogram, and care was exercised to choose stretches of data in which the heart rate was relatively constant. (The animals were artificially respirated throughout this procedure.) The histograms that were thus obtained give a measure of the probability that the CVE fiber fires in a particular portion of the cardiac cycle.
Such histograms generally exhibited a dominant peak in a time interval starting 60-80 msec after the beginning of the systolic pressure rise, but delay times as low as 5.5 msec and as high as 140 msec were also observed. In half of the records a secondary peak was also discernible, which started 80-200 msec after the dicrotic pressure rise in those cases where the peak was conspicuous enough for this delay to be measured. Figure 4 shows the histograms obtained for the data of Fig. 3 , and it illustrates the case in which both peaks were clearly visible.
In an attempt to characterize the distribution of singlefiber nerve firings more completely, histograms were also obtained which-selectively display the occurrence of the ! MiHi first, second, third, or any other firing of the nerve in each '50
1~
heart beat. Such a group of histograms is shown in Fig. 5 grams show that although the maximum number of firings in any cycle is four, the first peak contains a burst of three firings only rarely, and in most cases it is made up of first and second firings. The secondary peak mainly consists of second and third firings. Similar histograms for the second experiment illustrated in Figs. 3 and 4 show that normally there are at least three firings in the dominant peak. However, in experiments in which the firing is sparse, the first and usually only firing in a cycle may occur in the latter half of the cardiac cycle. These observations confirm that although vagal activity has a tendency to concentrate in portions of the cardiac cycle, the details of the firing vary considerably from one cycle to the next.
C) Vagal jring during fast pressure changes. Regardless of whether the blood pressure was changed by drugs or by inflating and deflating a balloon in the abdominal aorta, vagal firing frequency varied directly with the pressure. Figure 6 shows the firing pattern of a typical CVE fiber during a sudden rise and fall of blood pressure which was introduced by the inflation and subsequent deflation of the balloon. The response to the rise in pressure level following the inflation of the balloon was evident within 100 msec, but there was a delay of approximately 300 msec before the onset of the response to the rapidly falling pressure after the deflation of the balloon. Firing continued for almost a full beat after the precipitous drop in the pressure. In a few animals, vagal fibers had such a high threshold under the conditions of the experiment that they fired only when the pressure was elevated.
D) Cardiac vagal eferents and heart period. The heart period was closely related to the activity of CVE fibers, and as long as only moderate and relatively rapid fluctuations in the pressure were considered, the heart period could usually be predicted from CVE activity even while the sympathetic nerves were intact, To obtain the predicted heart period throughout the experiment, a Schmitt trigger, activated by the CVE nerve spikes, was used to generate a train of uniform pulses which were then fed into an RC integrator with a time constant of 1.0-2.5 sec. The duration of the pulses was manually adjusted to be as wide as possible without causing an overlap of successive pulses. The sum of a d-c voltage and the suitable scaled output of the RC integrator was the simulated heart period. Figure 7 shows the actual and simulated heart periods for the portion of an experiment where the variations in heart rate were caused both by respiratory arrhythmia and balloon inflation in a spontaneously breathing dog.
In six animals sympathetic effects on heart period were blocked by using propranolol as described by Ledsome et al. (13) . Complete sympathetic blockage was demonstrated by noting the lack of any heart rate response to large changes in blood pressure following bilateral vagotomy in three of these experiments. In order to evaluate the relationship between vagal activity and heart period both before and after propranolol, a digital computer was used to optimize the model parameters. In the digital simulation a delay on the order of 150 msec was also introduced to account for the time necessary for the vagal impulses to influence heart rate. The resulting model is shown in Fig. 8 .
In five of these six animals the heart period response remained similar to the response prior to the injection of propranolol, and the decrease in the steady heart rate was accompanied only by a change in the general scale factor of the system. In four cases the effectiveness with which a change in vagal firing frequency influenced heart period was reduced by an average of 20 % (ranging from 17 to 23 % between animals), whereas in only one animal did this dropped. 
by only 48 msec compared with an average of 118 msec for the other four animals), and the appearance of intermittent A-V conduction blocks prevented reliable estimation of the increase in the scale factor. In one of the four typical experiments in which the scale factor decreased, Fig. 9 shows the actual and predicted heart periods for two sets of experiments both before and after propranolol. Regardless of the type of heart period disturbance, the model of Fig. 8 described the experimentally measured heart period changes.
The results of the experiment in which disabling the sympathetic nerves significantly changed the heart period response is illustrated in Fig. 10 . It shows that before propranolol there was a substantial drop of heart period below its control level following the deflation of the balloon, whereas this undershoot disappeared after propranolol.
Since the steady level of vagal firing rate was essentially zero and it could not decrease below this value, the model of Fig. 8 7. Actual and predicted heart period during natural respiration. Top trace: blood pressure showing two transient increases (the first during inspiration) due to inflating a balloon in descending aorta; middle trace: actual heart period; bottom trace: predicted heart period. Predicted heart period was obtained by passing neural firing through an RC integrator with a time constant of 1.0 sec. Large decreases in heart period and nerve firing coincided with inhalation. 10. Effect of disabling sympathetic nerves on heart period. uj!$er trace: heart period ; tower trace: number of firings of a CVE fiber in each heart beat. Both sets of records were obtained during a transient pressure disturbance caused by inflating a balloon in descending aorta for 4 sec. Left: before propranolol ; right:
after propranolol.
Note that steady level of firing is essentially zero, and that undershoot in heart period present before propranolol is absent after disabling sympathetic nerves.
over a wide range of heart period, and the results obtained for heart periods between 1 and 2 set were critical to their justification of the model. occasionally absent even at normal blood pressures, whereas at lower pressures it almost always disappeared. When the blood pressure was high and there existed a considerable vagal tone, the heart period was controlled predominantly by the vagus nerves. This accounts for the lack of significant difference in accuracy with which the model of Fig. 8 described rapid changes in heart period before and after propranolol as long as vagal activity was present. When, as in Fig. 10 , there was no vagal activity at the control level of heart period, a decrease in heart period below this level was caused by sympathetic activity which was abolished by propranolol.
These results are in essential agreement with those reported by Glick and Braunwald (3) on the basis of selectively blocking the sympathetic and parasympathetic systems by drugs, but it appears that the threshold of heart rate which separates the regions in whi ch either sympathetic or parasympathetic effects dominate does not necessarily coincide with the control level of heart rate. The cessation of vagal activity at low or rapidly falling pressure levels is a factor which can cause the reflex change of heart period to be slower when the pressure falls than when it rises (7).
The The vagal firing that is occasionally sustained for a few seconds after a sudden fall in pressure level must be due to the characteristics of the central portion of the reflex, since baroreceptors respond both to the level and rate of change of the pressure, and thus their where V(t) is the frequency of vagal stimulation; N(t) is the number of acetylcholine-filled vesicles at the vagal nerve endings; C(t) is the concentration of ACh at the active site at the pacemaker; Y(t) is the heart period; N, is the maximum number of charged vesicles at the nerve endings ; To is the heart period without vagal stimulation; and kl , kz , k3 , k4 , kg , C!, are constants. In essence, this model assumes that as long as cardiac arrest does not occur heart period is proportional to the concentration of acetylcholine at the pacemaker site. It further assumes that the acetylcholine is liberated at a rate proportional both to the vagal firing frequency and to the available supply of the transmitter, that the supply of acetylcholine is replenished at a rate determined by the degree of its depletion, and that the free acetylcholine is hydrolyzed at a rate proportional to its concentration. In a detailed study of these equations, we treated each CVE action potential individually, and considered the firing frequency to be a train of unit impulses V(t) = &uo(t -?k -Td) k = 1, 2, l ** where rk are the times at which the observed nerve firings occurred, Td is the time delay necessary for the cervical vagal impulses to affect the pacemaker area, and u,(t) denotes the unit impulse at t = 0. This is equivalent to stating that the action of each nerve impulse is determined by the physical process underlying Using the above V(t) for firing frequency, the set of equations la, lb, between the experimental and simulated heart periods. The error was and lc were solved analytically.
Assuming the knowledge of N(t) and measured by summing the squared errors between the actual and C(t) just before the first nerve action potential, expressions were simulated heart periods for each heart beat in an experimental run, obtained for the values of these functions immediately after the nerve typically lasting for about 100 heart beats. It was found that under all firing, and from these quantities N(t) and C(t) were computed at the studied experimental conditions the model gives the best results when instant just before the second nerve firing. Repeating the procedure R = 1. This implies that N, = N, and that in the steady state the for each nerve impulse, N(t) and C(t) were computed for the duration nerve impulses liberate ACh from an essentially undepleted supply of the entire experimental record. The initial values of N(t) and C(t) were estimated from the model parameters and from the average time interval between CVE firings during steady-state conditions. In order to carry out the numeric computation, it is advantageous to reduce the number of parameters to a minimum, and to choose these parameters in such a manner that at least their order of magnitude can be easily estimated on the basis of physical principles or experimental data: For this purpose, N, , ka , and & were replaced by an overall scale factor, and kz was estimated by first assuming the quantity R = No/Nm. Since this is the ratio of the number of AChof the transmitter.
For moderate changes in vagal activity N(t) then stays at approximately N,, and equation lb becomes dC (t) /dt = kaNmV(t) -k&(t)
This is a first-order differential equation with constant coefficients, and the system it describes is identical to the one shown in the second block of Fig. 8 with kc = l/r and with a properly chosen scale factor. filled vesicles in steady state (N,) to the total number of vesicles (N,), its value is always between zero and one. The model parameters kl and kd are rate constants (the reciprocal of which are time constants) so that the range of their possible values could be relatively easily estimated.
A computer program was written to simulate the above model and to determine the parameters giving the best possible correspondence 
